Abstract: A simple and high performance autodisturbance rejection controller (ADRC) only based on the rotor position measurement is proposed for motion control of direct-drive motors. The motion controller is consisted of a nonlinear tracking differentiator in the feedfonvard path, an extended-state observer (ESO) and a nonlinear proportional derivative synthesizer in the feedback path. The ESO obtains the estimated state of the plant and the unknown disturbance action at the plant input with simple computation using only the measurement output of the plant. The proposed method is implemented to control an AC direct-drive servomotor system to verify its high-precise and robustness performance.
I . INTRODUCTION
Compared to traditional gear-reduced systems, the technical advantages of DD motor systems are widely known among control engineers: friction is reduced, backlash is eliminated and the mechanical stiffness and is very high [l] . The disadvantages, on the other hand, usually do not get as much attention: electrical dynamics tend to be slow and the system is more sensitive to disturbance forces and inertia variations [ 1, 21. To fully exploit the potential advantages of DD motor systems, all of these factors should be explicitly accounted for in the controller design.
Bufler et al. [2] proposed an adaptive time-optimal position controller for a direct drive DC motor based on the model reference adaptive approach. The superior performance is achieved by estimating the load inertia and disturbance forces by means of a least-squares method and adjusting the reference model accordingly.
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Hemati et al. [3] designed a robust nonlinear control law for a BLDC motor actuating a DD robotic arm. The controller accounts for the effects of saturation and reluctance variations, hut requires measurements of rotor acceleration. Melkote et al.
[4] developed a robust adaptive nonlinear controller to obtain high performance of a direct-drive brushless DC motor and successfully applied to a robotic manipulator. The controller can reject any hounded unmeasurable disturbances entering the entire electromechanical system. Han et al.
[ 5 ] developed a joint acceleration feedback control strategy based on acceleration information to resist the link-couplings of a multi-DOF DD robot and improve the joint tracking performance.
In the case of robot manipulators which are highly nonlinear control object, much computation is necessary to solve the inverse dynamics as the number ofjoints increase. As well known, the inverse dynamics can not compute the load variation due to the unknown object, friction and so on. On the other hand, a disturbance compensation method by the disturbance observer provides a convenient method for assuring the controller provides adequate disturbance rejection. The observer estimates the disturbance and parameter variation of the motor by simple computation [6] . Komada et al. [6] developed a simple and high performance path tracking control and force control based on an acceleration control, and the disturbance observer whose inputs are a current reference to the power converter and a position signal by simple works. Kempf et al. [ 11 proposed a disturbance observer with position and velocity and proportional derivative (PD) compensation from the feedback control using the general tracking controller structure.
The previous disturbance observer for DD motor system estimates the disturbance from torque current and/or velocity signals of the motor [I, 
A. Tracking-Dijjerentiator (TD)
In many practices, the performances of the controlled system are limited by how to pick out the differential signal of the non-continuous measured signal with stochastic noise. In practice, the differential signal (vel.ocity) is usually obtained by the backward difference of the given signal (position), which is very noisy and limits the overall performance The extended-state observer (ESO) is proposed to estimate the system's state and the external disturbance, which offer several attractive features [l, 121. In the absence of large model errors, they allow independent tuning of disturbance rejection characteristics and command following characteristics. Further, compared to integral action, ESO allow more flexibility via the selection of the order, relative degree, and bandwidth of low-pass filtering [I] . Although the technique of appending disturbance states to a traditional state estimator to construct an ESO is well known [13] , using the ESO developed by Huang and Han [14] allows simple and intuitive tuning of the disturbance observer loop gains independent of the state feedback gains.
with unknown external disturbance Consider a discrete uncertain nonlinear system y'"' = f ( y , j )...) y'""',k)+d(k)+b,u, (10) where f ( y , j , . . .,y'"-l',k) is an unknoivn function, and d ( k ) is an unknown external disturbance. The detailed derivation of the ESO can be found in [14] , and the second-order ESO for this application only using the measurement of the output of the system y ( k ) , can be described as follows, 
fal(E,a,6) is defined as (15)
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So far, the design of TD and ESO is completed.
The demonstration of their convergence can be found in 1141.
C. Nonlinear Proportional Derivative (N-PO) Synthesizer and Disturbance Compensation
Once the design of TD and ESO is accomplished, the general error and its change between the reference and the estimated state can be defined as e, = 'i ( k ) -ZI ( k ) , (16) e2 = r 2 ( k ) -z 2 ( k ) , ( 
17)
The nonlinear proportional derivative (N-PD) law is used to synthesis the preliminary control action, which can be described as uo =~o l f~~~~, ,~, l .~,~+~, 2 f~~( e 2 ,~, , , 6 ,~,
where Po,, PQ2, a,,, (Xo2 and 6, are design constants to be determined.
Plus the control action to cancel out the external disturbance, the total control action of the ADRC can be determined as follows [I51 The first test is concerned on the backing performance of a step command, just as shown in Fig 2. The second test is concerned on the periodic sinusoidal command with differentiate frequency. The reference command is lOsIn0.5t and 10sin1.2nt.
The experimental results are shown in Fig .3 . The third test is concerned on the performance of disturbance rejection. The 0.6 N . m step disturbance occurring at 6.0s, and the experimental results are depicted in Fig. 4 . From the experimental results, the tracking errors converge quickly, and the robust control characteristics of the ADRC system under the occurrence of disturbance can be clearly observed. . . . From the above experimental results, we fmd that the auto-disturbance rejection motion controller is effective to guarantee high motion precision of DD motor system lV. CONCLUSIONS A discrete-time auto-disturbance rejection controller is implemented to a high-precision motion DD motor system. Feedfonvard nonlinear tracking differentiator picks out the differential signal of the non-continuous measured signal with stochastic noise for superior performance. The extended state observer in the feedback path obtains the estimated state of the plant and the unknown disturbance action at the plant input with simple computation using only the measurement output. The experimental results verified the high-precision motion control of a direcl.-drive motor system. Although developed for a specific: case, these design techniques are applicable to direcl-drive systems used in a variety of other manufacturing applications and other electric drive systems such as permanent magnet synchronous servomotors.
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